One to 5 days after one-stage ligation of the left anterior descending coronary artery in dogs, reentrant excitation can be induced by programmed premature stimulation in the surviving electrophysiologically abnormal, thin epicardial layer overlying the infarct. In experiments in four dogs, reentrant excitation occurred "spontaneously" during a regular sinus or atrial rhythm. A tachycardia-dependent Wenckebach conduction sequence in a potentially reentrant pathway was the initiating mechanism for spontaneous reentrant tachycardias and was the basis for both manifest and concealed reentrant extrasystolic rhythms. In all dogs showing spontaneous reentry, reentrant excitation could also be induced by premature stimulation at cycle lengths much shorter than those associated with spontaneous reentry, We have shown (1,2) that in dogs 3 to 5 days after onestage ligation of the left anterior descending coronary artery , reentrant excitation can be induced by programmed premature stimulation. The reentrant circuits are located in the surviving, although electrophysiologically abnormal, thin epicardial layer overlying the infarction. Reentrant activation has a figure 8 pattern in the form of two circulating wave fronts around arcs of functional conduction block that coalesce into a common wave front before reexciting myocardium on the other side of the arcs of block (1,2). This report describes experiments in which reentrant excitation developed "spontaneously" during a regular sinus or atrial rhythm with a critically short cycle length. A reentrant tachycardia or single reentrant beats in an extrasystolic ar- and induced reentrant circuits were always different from those during spontaneous reentry. In two dogs, the reentrant circuit was located intramurally in close proximity to a patchy septal infarction.
One to 5 days after one-stage ligation of the left anterior descending coronary artery in dogs, reentrant excitation can be induced by programmed premature stimulation in the surviving electrophysiologically abnormal, thin epicardial layer overlying the infarct. In experiments in four dogs, reentrant excitation occurred "spontaneously" during a regular sinus or atrial rhythm. A tachycardia-dependent Wenckebach conduction sequence in a potentially reentrant pathway was the initiating mechanism for spontaneous reentrant tachycardias and was the basis for both manifest and concealed reentrant extrasystolic rhythms. In all dogs showing spontaneous reentry, reentrant excitation could also be induced by premature stimulation at cycle lengths much shorter than those associated with spontaneous reentry, We have shown (1,2) that in dogs 3 to 5 days after onestage ligation of the left anterior descending coronary artery , reentrant excitation can be induced by programmed premature stimulation. The reentrant circuits are located in the surviving, although electrophysiologically abnormal, thin epicardial layer overlying the infarction. Reentrant activation has a figure 8 pattern in the form of two circulating wave fronts around arcs of functional conduction block that coalesce into a common wave front before reexciting myocardium on the other side of the arcs of block (1,2). This report describes experiments in which reentrant excitation developed "spontaneously" during a regular sinus or atrial rhythm with a critically short cycle length. A reentrant tachycardia or single reentrant beats in an extrasystolic ar-and induced reentrant circuits were always different from those during spontaneous reentry. In two dogs, the reentrant circuit was located intramurally in close proximity to a patchy septal infarction.
The study illustrates that irrespective of the anatomic localization of reentrant circuits (epicardial or intramural), their dimension (large or small) or their mechanism of initiation (programmed premature stimulation or "spontaneous"), reentrant excitation always oc-, curred in a figure 8 configuration (or a modification thereof). The figure 8 model, rather than the ring model or the leading circle model, may be the common model of reentry in the mammalian heart. (J Am Coll CardioI1985;6:124-32) rangement could occur. Other experiments are also described in which the reentrant circuit had an intramural rather than an epicardial location. These experiments lend support to the argument that the figure 8 model of reentrant excitation may be central to a majority of atrial and ventricular arrhythmias based on reentry in the mammalian heart rather than being specific to a particular animal model.
Methods
Isochronal activation maps. Epicardial and intramural isochronal activation maps were studied in six dogs 3 to 5 days after one-stage ligation of the left anterior descending artery just distal to the anterior septal branch. Details of the experimental model, surgical techniques as well as the methods for recording simultaneous epicardial and intramural electrograms and for construction of isochronal activation maps have been previously described (1-3). Reentrant rhythms occurred spontaneously during a regular sinus or atrial paced rhythm or were induced by programmed premature ventricular stimulation. The stimulation protocol has been described (1,4) and will be detailed in the Results section.
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Anatomic correlations. After termination of the electrophysiologic study, the anatomic locations of intramural recording sites were determined and correlated with epicardial recording sites. The anatomic features of the infarction were also determined as previously described (1,2) and correlated with the recorded electrograms.
Results
Reentry. In four experiments, a reentrant rhythm developed spontaneously during sinus tachycardia (three dogs) or an atrial paced rhythm (one dog). Reentry was in the form of a single reentrant beat after two consecutive sinus or atrial beats (a trigeminal extrasystolic rhythm) in all four experiments. In three experiments, a repetitive reentrant rhythm (2 to 20 beats) also occurred. In all experiments, reentry developed after critical shortening of the sinus or atrial cycle length. In the experiment shown in Figure I , spontaneous shortening of the sinus cycle length from 380 to 355 ms resulted in a regular trigeminal rhythm and occasionally in a repetitive reentrant rhythm. In all experiments, the reentrant circuits were located epicardially.
Reentrant extrasystolic rhythms. Figure 2 was obtained from another experiment and illustrates epicardial activation maps as well as selected electrographic recordings during a reentrant trigeminal rhythm. During sinus rhythm at a cycle length of 325 ms, there was a consistent small arc of functional conduction block near the apical region of the infarct and relatively slow activation of nearby myocardial zones. The activation pattern, however, was constant in successive beats, reflecting a I: I conduction pattern. Spontaneous shortening of the sinus cycle length of 305 ms resulted in the development of a single reentrant beat after every second sinus beat. During the reentrant trigeminal rhythm, the epicardial activation map of the first sinus beat showed the development of a longer arc of functional conduction block compared with that during sinus rhythm at a cycle length of 325 ms. The activation front circulated around both ends of the arc of block, but was not sufficiently delayed on the distal side of the arc of block. In contrast, the activation map of the second sinus beat showed some lengthening of the arc of block at one end, but more character- 
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REENTRANT VENTRICULAR ARRHYTHMIAS istically a much slower conduction of the two activation fronts circulating around both ends of the arc of block. The degree of conduction delay was sufficient for refractoriness to expire at two separate sites on the proximal side of the arc, resulting in two simultaneous breakthroughs close to the ends of the arc and thereby initiating reentrant excitation. The leading edge of the two reentrant wave fronts coalesced, but failed to conduct to the central part of the epicardial surface of the infarct (that is, to areas that were showing slow conduction during the preceding cycle). This limited the reentrant process to a single cycle. It also resulted in recovery of those myocardial zones in the central part of the infarct, allowing the next sinus beat to conduct with a lesser degree of conduction delay, thus perpetuating the reentrant trigeminal rhythm. Analysis of the two electrograms recorded from each of the two reentrant pathways (B and C, and 0 and E, respectively) shows a characteristic 3: 2 Wenckebach-like conduction pattern. Figure 2 also illustrates the complexity of the conduction pattern in ischemic myocardium and the presence of a zone of dissociated conduction. This is represented by site F, which showed a 2: I conduction pattern during the 3: 2 Wenckebach cycle and reentrant trigeminal rhythm described previously.
Manifest and concealed extrasystolic reentrant rhythms. In all experiments, a concealed reentrant trigeminal rhythm also occurred at cycle lengths equal to or slightly longer than those associated with manifest reentry. During concealed trigeminy, the 3 : 2 Wenckebach conduction sequence was usually maintained. However, the degree of conduction delay of the circulating wave front during the second sinus beat preceding a concealed trigeminal sequence was less than that during manifest reentry, and the wave front failed to reexcite myocardial zones proximal to the arc of block and failed to initiate a manifest reentrant cycle. More complicated conduction sequences could also occur during a concealed trigeminal rhythm. This is illustrated in Figure 3 , which was obtained from the same experiment shown in Figure 2 . Figure 3A shows a manifest trigeminal rhythm at a cycle length of 305 ms. Repetitive reentrant excitation is seen at the end of the recording. The epicardial activation map of the sinus beat that initiated reentry (labeled A) is shown on the top, while selected electrograms are shown on the bottom. The ladder diagram illustrates the condution pattern between site A located outside the arc of functional conduction block and sites C and E within the slow conduction zone. As shown previously in Figure 2 , electrograms C, 0 and E show a 3: 2 Wenckebach conduction sequence. Figure 38 illustrates a concealed trigeminal rhythm at the same sinus cycle length during manifest reentry. The activation map of the second sinus beat that was supposed to initiate reentry (labeled B) is shown on the top. Compared with the map in Figure 3A , the arc of functional conduction block is shorter. More importantly, the circulating wave fronts around the two ends of the arc show less conduction
delay. The ladder diagram shows that a 3: 2 Wenckebach conduction pattern cOl1tinued during the concealed trigeminal sequence in one of the two reentrant pathways represented by electrogram C. However, the circulating wave front arrived at site C 20 ms earlier during concealed trigeminy compared with manifest reentry. In contrast, there was a concomitant 6: 5 Wenckebach conduction sequence in the other reel1trant pathway represented by electrograms D and E. This, in addition to other sites that were, at the same time, showil1g a 2: 1 conduction pattern (site F in Fig.  2 ), illustrates the presence of a high degree of dissociated conduction in the ischemic zone even though the surface electrocardiogram may show a rather regular extrasystolic pattern. In three of the four experiments, a Wenckebach conduction sequence was also the initiating mechanism for a repetitive reentrant rhythm ( Fig. 1 and 3A) . The reenttant rhythm occurred at a cycle length of 270 to 320 ms. This was slightly shorter than the sinus cycle length associated with the Wenckebach sequence (290 to 355 ms). In two experiments, the activation pattern during repetitive reentrant excitation was slightly different from that during the reentrant trigeminal rhythm, but the reentrant circuits were also epicardially located. In the third experiment, subsequent "reentrant" cycles could not be localized on the epicardial surface and may have been located intramurally.
Spontaneous versus induced reentrant rhythms. In all experiments in which a spontaneous reentrant rhythm developed, reentry could also be induced by programmed ventricular premature stimulation. Stimulation was applied to the right ventricular outflow tract at an SISI cycle length of 360 to 400 ms, and a single premature stimulus (S2) was introduced at a cycle length of 200 to 260 ms. In two experiments, a short pleomorphic rhythm was induced. In the other two experiments, a monomorphic reentrant tachycardia developed. The cycle length of the induced reentrant rhythms was much shorter compared with spontaneous reentrant rhythms (160 to 240 and 270 to 320 ms, respectively). The activation pattern of the induced reentrant rhythms was consistently different and usually much more complicated than that of the spontaneous rhythm. Figure 4 was obtained from the same experiment shown in Figures 2 and 3 and illustrates the initiation of a fast monomorphic reentrant tachycardia by ptogrammed premature stimulation. the activation maps of the SI and S2 beats and first two reentrant beats (V I and V 2) are shown. During S I at a cycle length of 360 ms, there was a small arc of conduction block and the entire epicardial surface was activated within 120 ms. S2 resulted in an extensive island of functional conduction block within the border of the epicardial ischemic zone. The area of block was much more extensive compared with that during spontaneous reentry in Figure 2 . A slow wave front circulated around an extension of the zone of block along the septal border of the ischemic zone before reactivating myocardial sites proximal to the arc of block giving rise to a reentrant beat (V I) with a positive QRS configuration in lead II. The reentrant process continued in a complex activation pattern with a circulating wave front near the apical and lower anterolateral part of the ischemic zone, giving rise to a second reentrant TT ~1 beat (V 2) with a negative QRS configuration in lead II. A beat to beat variation of the configuration and site of the arcs of functional conduction block and circulating wave fronts continued to occur during the monomorphic reentrant tachycardia_ However, the site of reactivation remained relatively stable near the apical and lower anterolateral part of the ischemic zone. This is seen on the activation map of V 2 where the site, configuration and direction of the circulating wave front were different from those in VI. Yet the reactivation site was contiguous in the two maps. This resulted in an approximately similar activation pattern of the epicardial surface of the normal zone, that is, outside the slowly conducting ischemic zone (not shown in Fig. 4) , and explains the similar QRS configuration of consecutive reentrant beats.
Intramural versus epicardial reentrant circuits. In two experiments, reentrant circuits could be localized in the septal intramural region. Postmortem examination of both dogs revealed a large anastomatic vessel arising from the posterior descending artery and curving around the cardiac JACC Vol. 6, No. I July 1985:124-32 apex to fill the left anterior descending artery distal to ligation. This resulted in a small and rather patchy anteroseptal infarction with a thick epicardial layer of surviving myocardium. The findings from one of these two experiments are illustrated in Figure 5 . In this experiment, two premature stimuli (S2S3) could induce a run of non stimulated beats. However, the epicardial activation map of S3 failed to show evidence of reentrant excitation. Several intramural needle recordings were obtained from the upper septal and paraseptal regions (marked by solid circles on the epicardial map). The intramural recordings revealed the presence of a small reentrant circuit (approximately 10 mm in diameter) located in the septum, 6 to 10 mm deep to the anterior epicardial surface. A composite intramural map of S3 at the level of intramural sites A, Band C is also shown in Figure  5 . The map illustrates that S3 resulted in a continuous arc of functional conduction block, with two circulating wave fronts around both ends of the arc of block. The two wave fronts coalesced, then advanced slowly within the arc before breaking through the arc to initiate the first reentrant beat. 
Discussion
Mechanism of spontaneous reentrant rhythms. The present study has shown that a tachycardia-dependent Wenckebach conduction sequence in a potentially reentrant pathway is the initiating mechanism for spontaneous reentry, that is, reentry occurring during a regular cardiac rhythm as contrasted with reentry induced by the introduction of one or more premature stimuli, This process can be repetitive giving rise to a reentrant tachycardia or it may result in a single reentrant cycle in a repetitive pattern giving rise to a reentrant extrasystolic rhythm, All the reentrant extrasystolic rhythms seen in the present study were in the form of manifest or concealed trigeminal rhythm. This was attributed to a tachycardia-dependent 3: 2 Wenckebach conduction sequence in a reentrant pathway. Electrograms re-corded from the reentrant pathway clearly demonstrated the 3: 2 Wenckebach conduction sequence. At longer cardiac cycle lengths, those same sites showed a 1: 1 conduction pattern. The in vitro correlate of these extracellular electrograms has been previously demonstrated in transmembrane recordings from cells in the ischemic epicardial layer (5). These cells showed variable degrees of partial depolarization, reduced action potential amplitude and decreased upstroke velocity. They also showed the phenomenon of postrepolarization refractoriness where full recovery of responsiveness outlasted the action potential duration.
A concealed trigeminal rhythm can occur during a 3: 2 Wenckebach sequence if the slow wave front shows less conduction delay than is necessary for sites proximal to the arc of block to recover excitability. However, a concealed trigeminal rhythm may occasionally reflect a longer 6: 5 Wenckebach conduction sequence. In a previous study (6) that utilized composite electrode recordings in the same animal model, examples of reentrant bigeminal rhythms were explained on the basis of a 2: 1 conduction sequence in a potentially reentrant pathway. However, we did not have the chance to analyze activation maps of a reentrant bigeminal rhythm in the present study.
Reentrant rhythm induced by premature stimulation. A recent study (7) correlated activation and refractory maps during reentrant excitation induced by premature stimulation in the same canine model. Ischemia was found to result in a lengthening of refractoriness with a nonhomogeneous distribution usually in the form of concentric isochrones of refractoriness with a graded increase in refractoriness going from the border zone (effective refractory period of 150 to 190 ms) toward the center of the ischemic zone (effective refractory period up to 360 ms). A critically timed premature stimulus that succeeded in inducing reentry resulted in an arc of unidirectional block around which the reentrant wave front circulated. The arc of conduction block occurred between adjacent sites of short and long refractoriness, with the sites of longer refractory periods distal to the arc of block. Although we have not analyzed refractory maps in experiments in which a reentrant rhythm occurred spontaneously (as shown in the present study), it is possible to speculate on the changes of refractoriness in these experiments. Arcs of conduction block associated with spontaneous reentry occurred at cycle lengths of 290 to 355 ms. In contrast, the critical coupling interval of premature beats necessary to initiate reentry is usually much shorter (160 to 250 ms) (1,2). This suggests that the degree and possibly the distribution of ischemia-induced lengthening of refractoriness are greater in those dogs showing spontaneous reentry. In these dogs, reentrant excitation could also be induced by premature stimulation at cycle lengths much shorter than those associated with spontaneous reentry. It is expected in this case that the premature beat will result in a more extensive arc of conduction block compared with that as so-ciated with spontaneous reentry. A comparison of the activation maps in Figures 2 and 4 shows that this was indeed the case in the present study. The figures also show that the reentrant pathways during reentry induced by premature stimulation were always different from reentrant pathways during spontaneous reentry and were usually associated with a much more complex activation pattern.
Intramural versus epicardial reentrant circuits. Electrophysiologic-anatomic correlation of reentrant excitation in the present canine model has shown that both the arcs of functional conduction block and the slow activation fronts of reentrant circuits usually developed in the surviving electrophysiologically abnormal epicardial layer overlying the infarction. Conduction across the perpendicular axis of the thin epicardial layer usually was synchronous or showed only slight dispersion compared with conduction in the horizontal axis. Thus, a majority of reentrant circuits in this canine model could be viewed as having essentially a twodimensional configuration. However, we have described experiments in which the reentrant circuit was located in a surviving subendocardial myocardial rim surrounding an apical infarction (8) . These observations are of special interest because they simulate closely reentrant circuits described in the human heart around the scar of ventricular aneurysm (9) . The latter may be similarly located in viable although electrophysiologically abnormal myocardial bundles in the subendocardial region and around the aneurysmal scar (10) . The present study describes other experiments in which the reentrant circuit was located intramurally in close proximity to a patchy septal infarct. In these experiments, the infarction was rather small and had a thick layer of surviving epicardium, probably attributed to the presence of a brisk collateral circulation. In a limited way, these dogs may resemble the experimental infarction induced by coronary occlusion and reperfusion, which usually results in patchy necrosis. In the occlusion-reperfusion model, induced sustained tachycardias could not be attributed to an epicardial reentrant circuit (11). However, the possibility of an intramural circuit was not excluded. Obviously, a small intramural circuit may be difficult to demonstrate in the absence of extensive intramural mapping.
The individual examples of subendocardial and intramural reentry in the present canine model clearly establish that, depending on the particular anatomic features of the infarction and the geometric configuration of surviving ischemic myocardium, reentrant circuits could be located in epicardial, subendocardial or intramyocardial zones. However, irrespective of the anatomic localization of the circuit or its dimension (large or small), its configuration still conforms to the figure 8 activation pattern (or a modification thereof) (Fig. 2) .
Models of reentrant excitation: ring model, leading circle model and figure 8 model. Early experimental observations (12-15) showed the existence of an entrapped circuit wave (circus contractions or movement) in rings of living cardiac and other tissue cut from a variety of animals including mammals, The presence of a fixed anatomic obstacle was considered an important requirement for the occurrence of circus movement. Whether these experiments are related to human cardiac arrhythmias is the hypothesis itself, first proposed by Mines (14, 15) , Guided by his observations in rings of muscle, Lewis et ai, (16) tried to prove that the atrial flutter wave circulated around a natural opening in the muscles of the auricle (the venae cavae). Schmitt and Erlanger (17) suggested that a loop composed of a branching peripheral Purkinje fiber bundle and ventricular muscle may sustain a circus movement similar to rings of muscle.
Although a circus movement in a Purkinje muscle loop is possible, it is difficult to demonstrate in the in situ heart. To date, the only two proven examples of ring model reentry in the intact mammalian heart are: I) the pre-excitation syndrome first suggested by Mines (14) shortly after Kent (18) first demonstrated the multiple muscular connections between auricles and ventricles in human hearts, and 2) circus movement involving both bundle branches (bundle branch reentry) first suggested by the experimental observations of Moe et al. (19) . What is common to the preexcitation syndrome and bundle branch reentry is that the anatomic substrate is composed, in a large part, of pathways of excitable bundles that are not connected to adjacent atrial and ventricular myocardium. Thus, a single simple circulatory wave could be established. The circuit could be interrupted with ease by cutting at any point along the insulated excitable bundles, but most probably not at the less well defined atrial or ventricular connections of these pathways. However, there are no such insulated excitable bundles in the ventricles or atria but rather an interconnected syncytial structure. In this regard, the observations of AIlessie and coworkers (20) (21) (22) ) that a fixed anatomic obstacle is not required for the development of a circus movement are of considerable significance. These investigators showed that in small pieces of atrial myocardium of the rabbit, a properly timed premature stimulus can initiate a circus movement tachycardia. The center of the circuit or the vortex is made of excitable tissue that has been rendered functionally inexcitable by invasion of the center by multiple centripetal wavelets from the leading circuit outside the vortex (Fig. 6C) . The circumference of the circuit could be as small as 6 to 8 mm.
Leading circle model: figure 8 model. A critical analysis of the leading circle model of Allessie et al. (21) shows that it is indeed a special modification of the figure 8 model of reentry that can probably exist only in an isolated preparation but not in the intact heart, Figure 6 shows a slightly modified version of the isochronal maps of the premature stimulus that initiated circus movement reentry (labeled A) and the first reentrant beat (labeled B) from an atrial muscle prep-EL-SHERIF ET AL.
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REENTRANT VENTRICULAR ARRHYTHMIAS aration of the rabbit (21) . The arcs of functional block are represented by heavy solid lines instead of double bars as in the original drawing. The S2 map shows that a properly timed premature stimulus resulted in a continuous arc of functional conduction block. The activation wave front circulated around both ends of the arc, coalesced and then broke through the arc to reexcite myocardial zones on the proximal side of the arc. This resulted in the splitting of the original single arc into two separate arcs. Figure 6B shows that a circulating wave front continued around one of the two arcs. However, the second arc of block shifted its site significantly and developed in an area that was showing crowded isochrones in the S2 map. More significantly, this arc joined the edge of the preparation so that a second circulating wave front around this arc was aborted. If the preparation shown in Figure 6B is reinserted in the in situ heart, the second aborted circulating wave front would be activated, thus resulting in a figure 8 activation pattern. The only situation in the in situ heart that would simulate the in vitro activation map shown in Figure 6B is that in which one of the two arcs of block joined the atrioventricular [21] and C is modified from Allessie et al. [22] with permission from the American Heart Association, Inc. D is modified from Boineau JP, et al. [23] with permission. ) c junction. Such an example could, indeed, be found in some in vivo maps of atrial flutter in the canine heart as demonstrated by Boineau et al. (23) (Fig. 6D) . In this example, a single clockwise circulating wave is seen around a zone (arc) of functional conduction block. The second potential circulating wave front in a figure 8 reentry model was prevented when the second arc of block connected to the atrioventricular junction. Thus, a figure 8 pattern seems central to the occurrence of "repetitive" reentrant excitation (short of fibrillation) in the interconnected syncytial structure of the atria and ventricles.
It should be emphasized that the dimension of the reentrant circuit in the ventricle could be as small as 10 mm (Fig. 5) , and depending on the distribution of the pathologic features of the myocardium, these circuits can be located in the epicardial, intramural or subendocardial regions. Thus, the long arcs of functional conduction block that sustain large reentrant circuits in the canine postinfarction ventricle and the small vortices of functional block described by AIlessie et al. (20) (21) (22) that sustain small reentrant circuits in rabbit atrial myocardium may represent two ends of a spectrum of the same electrophysiologic phenomenon.
